The present study is a continuation of our examination of the scope of intrinsic metabolic capacities of rickettsiae isolated from their host cells (Wisseman et al., 1951 and 1952) . It is based on the following considerations: Bovarnick and Miller (1950) presented strong evidence for the presence of a glutamic-aspartic transaminase in Rickettsia prowazeki and Rickettsia mooseri, and some confirming evidence for the occurrence of this enzyme in R. mooseri was found by Wisseman et al. (1952) . Since animal tissues (Cammarata and Cohen, 1950) and certain bacteria (Feldman and Gunsalus, 1950) exhibit a wide scope of transaminase reactions, it was conceivable that this situation might also obtain in the rickettsiae of murine typhus. Furthermore, since evidence already at hand (Bovarnick and Miller, 1950; Wisseman et al., 1952) suggests that these microorganisms possess a complex pattern of metabolism, it was considered possible that the rickettsiae could store and transmit metabolic energy through a phosphorylating mechanism and even, perhaps, perform some synthetic activities in the isolated state separated from the host cell. Exploration of these possibilities constitutes the specific subject matter of this report.
metabolic energy through a phosphorylating mechanism and even, perhaps, perform some synthetic activities in the isolated state separated from the host cell. Exploration of these possibilities constitutes the specific subject matter of this report.
MATERILS AND METHODS
Ricketisial suspensions. Purified and concentrated rickettsial suspensions were prepared from the yolk sacs of embryonated eggs infected with R. mooseri by a modification2 of the method 1 Present address, Department of Microbiology, School of Medicine, University of Maryland, Baltimore, Maryland. 2 Shortly after this paper was published in 1951, serologic estimation of egg contaminants was instituted as an additional criterion of purity on all rickettsial suspensions. An anti-yolk sac antidescribed in detail in a previous publication (Wisseman et al., 1951) . Each suspension used in this study is recorded in table 1 along with certain pertinent chemical and biological data which have proved useful for evaluating such preparations. In many instances aliquots were saved from selected stages in the purification process as described in the previous reports (Wisseman et al., 1951 (Wisseman et al., , 1952 . These were then serum was prepared by giving rabbits a course of intravenous injections of an antigen prepared by resuspending the particulate fraction of a normal yolk sac homogenate carried through only the first low and high speed centrifugations of the purification procedure. The serum obtained exhibited a high complement fixing antibody titer for this particulate antigen and for crude normal yolk sac. Two units of this serum were used in a complement-fixation test patterned after that routinely employed in this laboratory (Plotz et al., 1948) using two-fold serial dilutions of aliquots of fractions from different stages in the purification process as antigen. Crude infected yolk sac frequently gave a titer of 1:10,240 while the purified rickettsial suspensions usually titered 1:40 or less.
In addition, several minor changes in the procedure of purifying rickettsiae were made in the present study. Solution K-7G at pH 6.5 was substituted for sucrose PG solution: (1) when the starting 50 per cent yolk sac suspensions were diluted to 20 per cent suspensions and (2) when the rickettsiae were resuspended after the first centrifugation at 3500 x G. The supernatant saved after precipitation of debris by albumin in solution was diluted in K-7G at pH 7.0 instead of sucrose PG; after digestion with trypsin the suspension was centrifuged at 100 x G for two minutes. The supernatant, removed from the precipitated debris of yolk sac tissue origin, was then centrifuged at 15000 x G for 15 min in order to sediment the rickettsiae. 708 subjected to an array of tests to indicate trends in enzyme activity, biological activity, and removal of yolk sac materials. Normal yolk sac suspensions. For control and comparative purposes, suspensions of yolk sacs were prepared from uninfected embryos harvested from eggs incubated for the same length of time and under the same conditions as the eggs inoculated with the rickettsiae. In some instances the 50 per cent homogenates (Wisseman et al., 1951) of yolk sac tissues were frozen and stored at -70 C for variable periods prior to use in the enzyme studies. In other instances, indicated in the text below, the suspensions were employed in the transaminase experiments immediately after harvesting and homogenizing without prior freezing. For the most part, the particulate suspensions obtained by carrying the crude material through only the first low and high speed centrifugations of the purification process were used for studying the transaminases of normal yolk sac. In several instances, however, the normal tissue was subjected to the entire process used for preparing purified rickettsiae and the same types of biological and chemical studies were performed at the selected stages of purification just as in the case of the rickettsial preparations.
Substrates for transaminase studies. The amino acids used were of the pure L-form made up as stock solutions (25 mg/ml) in distilled water and adjusted to pH 7.5 with 2.5 N NaOH. a-Ketoglutaric acid solutions were prepared immediately before using by dissolving the compound in M/15 phosphate buffer to give a final concentration of 29.2 mg/ml and adjusted to pH 7.5. Pyridoxal phosphate was dissolved in 0.2 M phosphate buffer as a stock solution of 12.5 ,ug/ml.
Transaminase assay methods. Two types of procedure were employed in estimating transaminase activity:
(1) In those instances in which several different amino acids were screened, a simple test system was devised to favor the formation of glutamic acid. This requires only a-ketoglutaric acid as the amino group acceptor and, consequently, the assay for only a single end product, glutamic acid, was necessary to give a measure of several different types of transaminase activity. In this procedure 0.2 ml of the rickettsial preparations or of normal yolk sac suspensions was added to mixtures of 0.1 ml of solutions of amino acids to be tested and 0.1 ml of a-ketoglutarate in Hopkins type centrifuge tubes, giving a final volume of 0.4 ml for the complete system. Two identical tubes were prepared for each enzyme assay; one served as a zero time control which compensated for any amino acid already present. Enzymatic action was prevented in this tube by heat inactivation (10 min in a boiling water bath) immediately after mixing the components, a procedure which served also to deproteinize the mixture. The second tube was incubated at 35 C for 60 min, after which it was also heat inactivated. Both tubes were then centrifuged at 2500 x G for 15 to 20 min, and the supernatant fluids were used subsequently for quantitative chromatographic analysis for glutamic acid.
(2) In the instances in which only glutamicalanine or glutamic-aspartic transaminase were studied, the reaction was allowed to proceed in the opposite direction, i. e., towards the formation of alanine or aspartic acid. This was particularly necessary when the suspending medium used for the rickettsial preparation was sucrose-PG (Bovarnick et al., 1950) , which contains enough glutamic acid to interfere with the determination of additional glutamic acid formed. Here, oxalacetic or pyruvic acids were substituted for ae-ketoglutarate, and glutamic acid served as the amino group donor. Otherwise the methods were identical.
The quantities of aspartate formed when graded amounts of suspended albumin precipitate (Wisseman et al., 1951) Procedure for phosphorylation studies. Highly purified or partially purified rickettsial suspensions obtained at selected stages of the purification process were allowed to oxidize glutamic acid in Warburg vessels under the conditions described previously (Wisseman et al., 1951) except that inorganic phosphate was added to a concentration of 0.0047 M and was labeled with 7.5 gcuries of P32 per Warburg vessel.
The metabolism of glutamic acid was interrupted at time intervals in different vessels in series by the addition of formaldehyde solution A. C. S. to a final concentration of 3.4 per cent formaldehyde solution. These samples were then centrifuged, aliquots of 1.0 ml of the supernatants were deproteinized by the addition of 20 per cent trichloroacetic acid and 0.25-ml aliquots of these mixtures were analyzed for free inorganic phosphate after the method of Fiske and Subbarow (1925) .
The rickettsial sediments were washed twice with 5.0 ml of water and finally resuspended in 1.0 ml of water. One-tenth-ml aliquots of these suspensions were dried on planchettes and counted (for radiophosphorus) by conventional methods.
Procedure for glutamate incorporation studies. Attempts to demonstrate the incorporation of radioactive glutamic acid into the proteins of rickettsiae were made under a variety of conditions. All experiments were carried out in Warburg vessels which contained the chemical additions for optimal oxidation of glutamic acid as described previously (Wisseman et al., 1951) except that glutamic acid was added to a final concentration of 0.025 M and was labeled with 0.4 ,ucuries of DL-glutamic acid-2-C"4 per vessel.
In some experiments the metabolic mixtures were fortified with enzymatic hydrolyzate of casein to a final concentration of 0.5 per cent; in one final experiment a further addition of 1 mg of adenosine triphosphate, 10 mg glutathione, and 16.6 per cent chick embryo extract per vessel was made.
The oxidation of glutamic acid by the rickettsiae was followed by manometric measurement of the oxygen consumption or by determining the amount of C1402 taken up by the alkali in the center wells of the Warburg vessels. For this latter purpose the vessels were not attached to manometers but were closed with rubber stoppers and agitated on a shaking machine; the center wells contained 0.1 ml of 20 per cent KOH without the usual folded filter paper. To obtain information on the time course of glutamate metabolism the reactions in different vessels in series were interrupted in sequence at predetermined intervals by the addition from the side arms of 0. when the purified rickettsiae were subjected to repeated freezing and thawing the transaminase activity increased markedly, i. e., 19 fold. Some increase in activity also accompanied freezing and thawing of the albumin fraction which is rich in rickettsiae, but not of the other fractions discarded during the purification procedure.
Observations on the increase in enzyme activity following functional disruption of particulates were extended by comparing the transaminase activity of alternately frozen and thawed preparations of purified murine typhus organisms and of crude or partially purified suspensions of non-infected yolk sac. Table 4 shows that in 3 additional lots of the purified rickettsiae a 6-to 19-fold increase was observed, while in 6 preparations of normal yolk sac there was no enhancement of activity upon freezing and thawing. Bovarnick and Miller (1950) have found glutamic-aspartic trasaminase activity in rickettsial suspensions and have concluded that their preparations contained two different enzymes: (1) an "extracellular" transaminase due to a contaminating fraction of yolk sac origin and (2) a glutamic-aspartic transaminase intrinsic to the rickettsiae3. The results of the 3The possibility has been considered that transaminase activity in purified rickettsial suspensions might be due to the adsorption on the rickettsiae of enzymes of yolk-sac origin. Such a phenomenon is known to occur with vaccinia virus which was found to adsorb rapidly lipase, phosphatase, and catalase from diluted enzyme solutions (Hoagland et al., 1942) but the enzymes thus adsorbed were fully active. In a model experiment designed to explore the possibility of binding of extraneous transaminase to the rickettsiae, a purified glutamic-alanine transaminase prepared from pig heart after the method of Green et al. (1949) was incubated at 4 C for 30 min with the organisms. After one washing the rickettsiae thus treated did not exhibit any demonstrable glutamic-alanine transaminase activity. It is present study provide additional evidence to strengthen these views. In order to differentiate further between these functionally identical enzymes of different biological origin, advantage was taken of the fact that the pH activity curves of identical enzymes from various biological sources often exhibit different optimal pH ranges. Hence, pH activity curves were determined for purified rickettsial suspensions and for crude preparations from non-infected yolk sacs. The results, as shown in figure 1 , indicate that the optimal hydrogen ion concentration for both the transaminase of yolk sac origin and the rickettsial transaminase was approximately pH 7.5. These activity curves represent the average values from three different preparations. The only observed difference lies in the occurrence of a slight plateau on the acid side of the optimal pH in the curve for the rickettsial preparations. This effect was encountered in each of the three experiments with the rickettsiae and was not observed at any time with the normal yolk sac preparations and, hence, may be a real difference rather than an artifact. However, the significance of this finding is uncertain.
An attempt was made to determine whether or not the addition of pyridoxal phosphate would enhance the glutamic-aspartic transaminase action of crude and partially purified suspensions of normal yolk sac and of purified rickettsial suspensions. The results of these experiments are presented in figure 2 and show that the addition of pyridoxal phosphate in concentrations ranging from 2.0 to 12.5 jug/ml did not stimulate enzyme activity.
The possibility that R. mooser, like many other organisms, may contain other transaminases in addition to the glutamic-aspartic enzyme led us to survey the scope of the transaminase reaction in these rickettsiae and also in preparations of normal yolk sac. A weak alanine-glutamic transaminase was found in crude normal yolk sac suspensions; however, this activity disappeared during the purification procedure and could not be demonstrated with purified rickettsiae which had been alternately frozen and thawed. No transaminases for leucine, phenylalanine, tryptophan, valine, arginine or tyrosine were found under the conditions used for assay considered unlikely, therefore, that the enzyme demonstrable in rickettsial suspensions by freezing and thawing is of host-cell origin.
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[ (Hahn et al., 1955 Glutamate-C'4 incorporation studies. Since glutamic acid is oxidized actively by the rickettsiae it was considered possible that this process might provide the metabolic energy required to incorporate a portion of this substrate into the rickettsial proteins. In order to detect such an incorporation, the glutamic acid used in these experiments was labeled with C14. In some experiments the metabolic mixtures employed were fortified with the amino acids contained in enzymatic hydrolyzates of casein and also with chick embryo extract. These supplements were added in an attempt to provide a more favorable medium for de novo protein synthesis which was expected to give higher radiocarbon incorporation levels.
The increase in C0402 in the center wells of Warburg vessels in which rickettsiae oxidized radioactive glutamic acid was a linear function of time (figure 3). Rickettsiae precipitated with perchloric acid at zero time from control mixtures and at time intervals from Warburg vessels in series of these metabolic experiments over periods of 2 hr exhibited a slight but uniform radioactivity above the background count. In no instance was there observed a significantly higher radioactivity in rickettsiae which had been carrying out glutamate metabolism for periods of time up to 2 hr. The experiments have thus failed to demonstrate the incorporation of radiocarbon from DL-glutamic acid-2-C'4 into the perchloric acid precipitable materials from the rickettsiae.
DISCUSSION
The present experimental results are considered convincing evidence that R. mooseri contains an intrinsic glutamic-aspartic transaminase. While yolk sac homogenates such as those which are used as starting material for rickettsial purification also exhibited glutamic-aspartic transaminase activity in the current studies, this enzyme was progressively removed during the purification process until only a very low activity remained in the final purified rickettsial preparations. Indeed, when these low values were first encountered in purified rickettsial suspensions it stimulated the more extensive studies designed to determine whether the transaminase was actually an intrinsic component of rickettsiae. Thus, when these purified preparations were alternately frozen and thawed, a procedure which causes appreciable functional disruption of the rickettsiae and is known to liberate some rickettsial components into the medium, a marked increase in transaminase activity was regularly observed. This striking effect is interpreted to indicate that an intrinsic transaminase was present within the rickettsiae but that it had not been readily detectable because of the well established (Bovarnick and Miller, 1950) relative impermeability of intact rickettsiae to many of the Krebs cycle intermediates. In fact, the observed increase of enzymatic activity upon freezing and thawing of the rickettsial suspensions is considered the strongest argument for an intrinsic glutamicaspartic transaminase within the rickettsiae, particularly since normal yolk sac particles failed to show any increase in enzyme activity when subjected to the same kind of treatment.
The experience recorded here differs from that of Bovarnick and Miller (1950) who found that the transaminase activity of rickettsial suspensions was not significantly altered upon freezing under conditions which destroyed viability and the capacity to oxidize glutamic acid. However, repeated and rapid freezing and thawing as employed in the current study may have affected the rickettsiae in a different manner.
Pyridoxal phosphate is known to be required as a cofactor for a number of transaminases (Gunsalus, 1950) . The possibility that the rickettsial glutamic-aspartic transaminase might also depend on this cofactor was investigated first, to characterize this enzyme in greater detail and second, to explore the possible nutritional requirement of rickettsiae for pyridoxal compounds. The current experiments showed consistently that the addition of pyridoxal phosphate to frozen and thawed rickettsiae did not increase the transaminase activity. While these findings thus failed to demonstrate pyridoxal dependency by one classical method they do not with necessity exclude the possibility that the rickettsial transaminase may require this cofactor but that the preparation was fully saturated with it under conditions of the test and, therefore, operated with maximum activity.
No other transaminase activity, aside from the one already discussed, was detected in the rickettsiae. The transaminases of certain bacteria and of certain animal tissues show wide variations in activity with the representative amino acids used in this study (Feldman and Gunsalus, 1950; Rudman and Meister, 1953; Cammarata and Cohen, 1950) . While it cannot be excluded that other transamination reactions might take place in rickettsial suspensions, the activity of such, if present, must have been of a much lower order of magnitude than that of the glutamic-aspartic reaction.
From the available information rickettsiae must be regarded as rather complex organisms both structurally and functionally. The oxidation of glutamate by R. mooseri has been followed through many of the steps of the citric acid cycle (Wisseman et al., 1952) . In other organisms these reactions furnish energy for many synthetic reactions through a phosphorylation mechanism. Since it is known that the rate of glutamate oxidation by typhus rickettsiae is dependent upon phosphate concentration, within certain limits (Bovarnick and Miller, 1950; Wisseman et al., 1951) , it was thought likely that these organisms, even isolated from their host cells, might possess the capacity to phosphorylate in the conventional manner and possibly even incorporate amino acids into cellular constituents during glutamate oxidation. However, the isolated and purified rickettsiae failed to esterify demonstrable amounts of inorganic phosphate or to cause incorporation of P32 into the insoluble cellular constituents during glutamate oxidation. Furthermore, they failed to incorporate detectable amounts of glutamate-2-C'4 into cellular constituents while oxidizing glutamate alone or in the presence of a complex amino acid and nutrient mixture. The present findings on phosphorylation are similar to those reported by Bovarnick and Miller (1950) (Hahn et al., 1955) .
Several alternative explanations may be advanced for the preselit failure to detect phosphorylation in the rickettsiae. For example, some essential factor for coupling oxidation and phosphorylation may have leached from the rickettsiae during the purification procedure or may be required from the host cells. Another possibility is that phosphorylation could actually be taking place, but that under the conditions of these experiments this was confined to the formation of ATP or other small soluble molecules which are removed by killing and washing the rickettsiae.
If the failure to demonstrate phosphorylation were, indeed, due to a deficiency of the rickettsial organisms with respect to their pattern of energy metabolism in the isolated state, this would well explain the failure to observe glutamate-C'4 incorporation, a process which is known to require a suitable source of energy (Gale and Folkes, 1955) .
SUMMARY
Crude suspensions of normal yolk sacs and of those infected with Rickettsia mooseri contain an active glutamic-aspartic transaminase and a weak alanine-glutamic transaminase; both enzymes are removed when the non-infected material is processed through the same steps which are employed in rickettsial purification. The process also eliminates alanine-glutamic transaminase from infected yolk sac tissue but the final preparation of purified rickettsiae contain some glutamic-aspartic transaminase.
Purified suspensions of R. mooseri exhibit a low glutamic-aspartic transaminase activity which is considerably enhanced upon repeated and rapid freezing and thawing of the rickettsial suspensions. This finding is regarded as evidence for the presence of a glutamic-aspartic transaminase intrinsic to the rickettsial organisms. The enzyme did not require added pyridoxal phosphate for maximal activity; its pH activity curve, which showed maximum activity at pH 7.5, did not differ appreciably from that of the glutamic-aspartic transaminase in non-infected yolk sac preparations.
Upon oxidation of glutamic acid the rickettsiae 715 did not esterify demonstrable quantities of inorganic phosphate nor did they incorporate radiophosphorus from labeled orthophosphate into their insoluble constituents: likewise, they failed to incorporate radiocarbon from glutamic acid-C14 into their perchloric acid precipitable materials. The significance of these findings is discussed.
